ANALYTICAL™. 
APPLIED PYROLYSIS 



ELSEVIER 


Available online at www.sciencedirect.cor 

ScienceDirect 

J. Anal. Appl. Pyrolysis 81 (2008) 113-120 


Pyrolysis of wood waste containing urea-formaldehyde and 
melamine-formaldehyde resins 


Pierre Girods *, Anthony Dufour, Yann Rogaume, Caroline Rogaume, Andre Zoulalian 

LERMAB, Nancy-Universite, UMR 1093, INRA, ENGREF, VHP, ENSTIB, 27 rue du 


Abstract 

Nowadays, wood industry produces huge amounts of wood waste containing various additives. Wood waste containing urea-formaldehyde (UF) 
and melamine-formaldehyde (MF) resins such as particleboard or laminated flooring constitutes a consequent resource of energy. However, this 
type of waste needs a “refinement” to eliminate nitrogen responsible of the production of pollutants. The pyrolysis of particleboard and flooring at 
low temperature (523-573 K) has been studied on an experimental reactor which allows controlling mainly parameters of the pyrolysis such as 

FTIR analysis of the gas products. Quantities of CO, C0 2 , NH 3 produced during the treatment are evaluated in order to estimate the performance of 
the process. Elementary analyses of residues allow validating the previous results. Thermal analyses of residues in a calorimetric bomb enable to 
evaluate the energy efficiency of the process. 

© 2007 Elsevier B.V. All rights reserved. 


1. Introduction 

In the context of global warming and problems of production 
of energy, the gasification of biomass has a promising future as an 
alternative to produce energy. However, this way to produce 
energy is today unprofitable because of the high price of the raw 
materials such as wood chips for example. The idea is to use 
wood waste containing urea-formaldehyde (UF) and melamine- 
formaldehyde (MF) resins (such as particleboard or laminated 
flooring) as raw materials to produce energy. These wastes 
present the advantage of having a negative cost but needs to be 
“refined”. Indeed, the nitrogen coming from UF and MF resins 
[1] is responsible for production of ammonia, isocyanic acid, 
cyanhydric acid and nitric oxides during a classical thermal 
valorisation (combustion or gasification) [2,3]. 

The pyrolysis of biomass has been well studied [4-7] but no 
model could be clearly established because of the great 
variability of the resource and the operating conditions 
(temperature, reaction atmosphere, transfer of mass and heat). 


0165-2370/$ - see front matter © 2007 Elsevier B.V. All rights reserved. 
doi:10.1016/j.jaap .2007.09.007 


We can note however that from 473 to 553 K, physical 

torrefaction. The production of CO is observed then, C0 2 , 
acetic and formic acid, methanol and water coming from the 
decomposition of hemicelluloses [4-7]. From 553 to 773 K, it 
is the phase of carbonization where condensable gases (acid 
acetic and formic, methanol, tar) and non-condensable (CO, 
C0 2 , H 2 , QcHy) are produced. An exothermic decomposition of 
cellulose (553-653 K) is noticed followed by endothermic 
reactions (from 653 to 773 K) of depolymerizations and 
recombinations within the structure of lignin. 

Concerning wood waste degradation, several works are 
proposed in the literature. Pyrolysis of CCA-treated wood (CCA 

arsenic which causes some problems of heavy metals 
volatilisation during thermal valorisation) has been well studied 
by [10,11]. A study of the kinetics of pyrolysis of five kinds of 
wood waste (forest, demolition, machines, furniture, pallets) has 
been carried out by [12] using models proposed by [13,14]. The 
works of [15,8] aim at describing degradation of creosote-treated 
waste. Concerning melaminated particleboard which contains 
aminoplasts resins (urea-formaldehyde, melamine-formalde¬ 
hyde), literature gives little information. Some works [8,9] show 
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that pyrolysis of these resins produces methanol, formaldehyde, 
carbon dioxide, and some nitrogen compounds such as ammonia, 
and acid isocyanic and cyanhydric. 

This work deals with a thermal pre-treatment, by a low 
temperature pyrolysis, of wood waste in order to produce a 
“clean” and cheap raw material for a gasification unit. This 
work aims at evaluating and optimising the efficiency of the 
thermal pre-treatment in terms of nitrogen elimination and 
energy recovery. 

2. Experimental 

2.1. Samples preparation 

The samples are prepared from industrial particleboard and 
laminated flooring which have been crushed. The wood and 
resins samples were the same as the constituents of the 
particleboard. The size of the particles is lower than 1 mm. 
The samples were dried in an oven for 4 h at 376 K before the 
experiments were performed. Table 1 shows the wood, the 
particleboard and the laminated flooring elementary analysis 
realized in the Analysis Central Service of CNRS in France. 
The particleboard manufacture gives us an approximate 

(on dry mass) of each component is: wood (88-90%), UF resin 
(10-12%), MF resin (less than 0.5%). We do not have more 
information about laminated flooring, except that its proportion 
of MF resin is more important. 

2.2. Equipment and procedure 

2.2.1. Description of the laboratory device 

The experiments were carried out in a quartz tubular reactor 
(Fig. 1) placed in a horizontal furnace. A quartz sample box 
enables the insertion of waste (a few grams maximum) in the 
reactor whose temperature can reach 1373 K. This character¬ 
istic of the device allows carrying out experiments in conditions 
of fast pyrolysis what is not possible in a thermobalance. An 
automatic system of insertion enables to choose the speed of 
introduction and the position of the sample box in the furnace. 
The device is fed with a gas flow controlled by flow controller 
allowing the introduction of the appropriate gas mixture 
(nitrogen in this work). The variation of the position of the 
sample box in the furnace, the gas flow and the diameter of 
the tubular reactor enable to control the residence time of the 
gases in the device. 

The gases resulting from the pyrolysis of waste go through 
the 135 mL gas cell (10 cm path length) of the FTIR 



in a semi-continuous way (time of sampling: 15 s.). The 
configuration of the FTIR spectrometer (resolution of 2 cm -1 , 
five scans per measure) allows a qualitative analysis of many 
compounds: carbon dioxide and monoxide, methane, light 
hydrocarbons (ethane, ethylene, etc.), N-compounds (ammo¬ 
nia, iscocyanic and cyanhydric acid), methanol, formic and 

to evaluate the volume of CO, C0 2 , Cft, and ammonia 
produced during experiments. 

Preliminary thermogravimetric experiments were performed 
onaSetaramSetsys 12 instrument, measuring samples of 100 mg 
under nitrogen flow of 90 mL/min, heating from room 
temperature to 343 K at a heating rate of 20 K/min, then after 
a holding time of 5 min to 1173 Kata heating rate of 1.5 K/min. 

2.2.2. FTIR quantitative analysis method 

The FTIR spectrometer is regularly calibrated for CO, C0 2 , 
CH4 and NH 3 between 0% and 2%. The FTIR spectrometer is 
not calibrated for isocyanic acid (HCNO) because no standard 
is available for it. The characteristic frequencies used for the 
quantitative analysis was 2048-2053 cm -1 for carbon mon¬ 
oxide, 718-722 cm" 1 for carbon dioxide, 2945-2950 cm" 1 for 
methane and, finally, 955-970 cm" 1 for ammonia. 

The values of concentrations of the different gases in 
function of time are recorded in an excel table. The volume of 
gas produced during an experiment is obtained with the 
following expression: 

with V(X) is the volume of the gas X produced during the 
experiment (mL), n the number of measures during the 
experiment, C,(X) the concentration of the gas X for the ;'th 
measure given by FTIR analyses (%), Q N , the flow of nitrogen 
(mL/min) (considering that the flow of produced gases is 

2.2.3. Determination of the optimum duration of treatment 
injunction of the temperature 

First, this study aims to determine the optimum duration 
times necessary for each treatment temperature (set at the time 
necessary for the level of HNCO to reach a value lower than 3% 
of the maximum value reached in all tests). 

In a second time, the purpose of this study is to evaluate the 
volumes of CO, C0 2 , CH4, NH 3 produced during each 
treatment and to characterize the residues. 

Nitrogen flow is set at 2 L/min for particleboards experi¬ 
ments and 1 L/min for the flooring. The temperature of the 
furnace is fixed at the temperature of treatment (523, 533, 543, 
553, 563 and 573 K). A 1 g sample is placed in the sample box. 
Once the sample has been set up, a short delay is necessary to 

measurement with the spectrometer FTIR. The spectrometer 
FTIR records one spectrum every 15 s. The gas cell has a 
volume of 135 ml and is heated to 473 K to avoid any 
condensation which would damage the very sensitive windows 










in KBr (potassium bromure). In order to determine optimum 
t i me s of treatments, three 20 min tests are carried out for each 
temperature of treatment (523, 533, 543, 553, 563 and 573 K). 
The 80 recorded spectra are treated by the numerical 
quantification method. The evolution of the percentages of 
CO, C0 2 , CH4, NH 3 and HNCO are shown on Excel graphs. 

2.2.4. Characterisation of the residue 

elementary analysis of the residues. There are performed by a 
external laboratory. From a “nitrogen elimination” point of 

more the waste is “cleaned”. The calorific value of the sample 
after treatment has been determined in a calorimetric bomb. 

3. Results and discussion 

3.1. Volatile product evolution under gradual heating 
measured m a thermobalance 

The DTG curves obtained are displayed in Fig. 2 showing 


pure components under the same conditions. In Fig. 2 the 
temperature range of wood degradation extends from 453 to 
923 K where we can distinguish two flat peaks at the lower 
temperature range, and the maximum rate is reached at around 
600 K. The temperature range of UF resin degradation extends 
from 450 to 730 K with three peaks at 498, 528 and 568 K. In 
the case of MF resin, the degradation extends from 600 to 
1000 K with two peaks at 633 and 933 K. The shift between the 
temperature range of wood and of UF resin shows the 
opportunity of the selective pyrolysis of UF resin from waste. 

will be privileged while the degradation of wood will be 
limited. The selective desorption of MF resin in so low 
temperature conditions appears impossible. It does not 
represent a big problem since quantity of MF resin is very 
low in the samples. 

Our TG and DTG curves are in accordance with the data of 
the literature [2,4,8,16-18] for wood, UF and MF resins. The 

Hirata et al. applying a heating rate of 1 K/min [2], The DTG 
curve of particleboard is close to that of wood because 
































Fig. 3. 


however a little difference most probably due to the presence of 
10% of UF resin. 

3.2. Determination of the optimum duration of treatment as 
a function of the temperature 

The breakdown products of the urea-formaldehyde or 
melamine-formaldehyde resins at temperatures lower than 
623 K are mainly N-compound such as isocyanic acid and 
ammonia [8]. Indeed, the results given by spectrometer FTIR 
reveal the presence of these two nitrogenized gases. Fig. 3 
shows the spectrum of pyrolysis gases after 3 min of treatment 
of 1 g of melaminated particleboard (pyrolysis at 573 K under 
nitrogen (2L/min)) where we can distinguish the peaks 
corresponding to ammonia and to isocyanic acid. It also 
appears that cyanhydric acid is not produced at this 
temperature. 

The qualitative analysis during the low temperature 
pyrolysis reveals the production of many compounds which 
can be classified as follows: 

• The non-condensable gases such as CO, C0 2 and CH4. Light 
hydrocarbons are not produced at such a low temperature. 

• The condensable gases which contain water and primary tars 
such as acetic and formic acid (coming from the degradation 

from the methoxy groups (-OCH3) of the lignin) and N- 
compounds such as ammonia and isocyanic acid. 

After a numerical treatment of the different spectra 

of NH 3 and isocyanic acid in the pyrolysis gases can be 
showed on graphs for different temperatures (see Figs. 4a andb 
and 5a and b). 

We can observe that the levels of a mmonia and isocyanic 
acid increase quickly in the first minutes of treatment, what 
shows the performance of the process. These levels decrease 
almost so quickly in the following minutes to reach a value 

time needed for the treatment. 

A first objective of this study is to evaluate the optimum time 


duration is set to the duration necessary for the ammonia 
percentage to reach a value lower than 100 ppm. For the 
evolution of the isocyanic acid, the treatment duration 
corresponds to the time requested for the rate of HNCO to 
reach a value lower than 3% of the maximum value reached in 
all tests. The results show that the isocyanic acid stays for a 
longer time in pyrolysis product. Thus, the optimum treatment 
duration is obtained from the evolution curves of the isocyanic 
acid level. Six couples “time/temperature” of treatment are 
thus determined. There are reported in Table 2. 
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product during treatment of flooring at different temperatures. 


flooring is a bit shorter than for particleboard. This difference 
increases with the temperature. At 573 K, the time needed for 
particleboard treatment is 1.5 more than the one requested for 

3.3. Volume of CO, C0 2 , NH 3 and CH 4 produced during 


Volumes of the different gases produced during each 
treatment are obtained by the method described before and 
are reported in Table 3. The volume of CH4 is not discussed in 
this part as it is not produced in quantities big enough to be 
well measured. It can be noticed that the sum of the 



Volume (mL) Mass (mg) 

CO C0 2 Nth CO C0 2 NH 3 


Particleboard 



considered as negligible. 

It can be noticed that for both types of waste, the quantity of 
NH 3 volatilised during the treatment stay relatively constant 
and is between 8 and 10 mg what means that efficiency in terms 
of “nitrogen elimination” is not influenced by the treatment 
temperature. 

However, the volume of CO increases to reach a value four 
times higher at 573 K than at 523 K what means that the energy 

3.4. Mass of condensable gases produced during treatment 
of particleboard at 523 and 573 K 

The measure of the mass of condensable gases produced 
during treatment allows evaluating the mass balance in order to 
check if our results are coherent. All values needed for the 
evaluation of the mass balance are reported in Table 4. 

Without the mass of condensable gases, the mass balance 
reaches around 80 wt% for the different cases which means 
that the mass of condensable gases is not negligible. In order 

gases is measured. This measure is made only for particle¬ 
board treated at 523 and 573 K as it is just done in order to 
check the coherence of the results. In this case, a glass fibre 
tissue trap (Fig. 1) kept at 273 K is set up between the reactor 
and the gas cell. For the two cases where the mass of 
condensable gases is measured, the mass balance reaches 
between 92 and 94wt% which means that almost all 
compounds generated during the first step are measured. 
The mass balance would be improved with quantifying the 
isocyanic acid. 

The part of particleboard converted to condensable gases 
(water + primary tars) is three times higher at 573 K than at 

the production of water. In this way, these results show that a 
larger quantity of primary tars is produced, implying a loss of 
combustible matter. 
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3.5 Efficiency of the process 

3.5.1. Elementary analysis of residues 

The elementary analysis (see Table 5) will now allow 
estimating the efficiency of each process. Levels of devola¬ 
tilisation of different constituents such as N, C, H, O are 
deduced from the results of the elementary analysis and from 
the level of degradation of the samples after each treatment. 
Fig. 6a shows that the level of devolatilisation of nitrogen, in the 
case of particleboard, is around 56% and is relatively constant. 
These results show that the performance of the process firom a 

In the case of flooring, we can see in Fig. 6b that the level of 
devolatilisation is less constant than for particleboard. The 
average of this level is around 46% which is lower than for 


These results mean that the “char” produced during the first 
step cannot be considered as “clean”, the way of the classical 
gasification for the second step of the process, thus, does not 
appear as the best solution. We can then privilege the way of 
fast pyrolysis. A non-oxidative atmosphere may help to keep 

compounds as possible. Nevertheless, nitrogen contained in the 
char will be also converted to pollutants if the char is burned to 
























In the same way, the quantities of carbon, oxygen and 
hydrogen volatilised during the treatment increase with 
temperature (in both cases), which may imply a loss of 
combustible material. 

The study of the quantity of CO produced during each 
treatment (given by integrating the evolution curves of the level 
of CO in the pyrolysis products) confirms the latest results as 
the volumes of CO increase with temperature especially above 
553 K. The study of the level of degradation of samples during 
different treatments will confirm this result. 

3.5.2. Evolution of the level of degradation of samples with 
the treatment temperature 

After each treatment, the weight of residue is measured in 
order to determine a degradation level for each couple 
“duration/temperature” of the treatment. The evolution of 
the weight of residue with the temperature can be observed in 
Fig. 7. Despite the decrease of the duration of treatment 

of waste increases with the treatment temperature. These results 
show that an increase of the treatment temperature may imply a 
loss of material. 

allow evaluating the energy contained in residues after 
treatment and determining the energy recovery of treatment 
at each temperature. 

3.5.3. Thermal analysis of the residues 

Several experiments in a calorimetric bomb enabled to 
measure the high heating value (HHV) of residues. The LHVis 
deduced from the HHV value and from the elementary analysis 
results (the yield of hydrogen is needed). 





As we can see in Fig. 8, the LHV of residues, coming from 

process. Indeed, the level of carbon increases while the rate of 
oxygen decreases with the temperature (results given by 
elementary analysis), which explains the results obtained. 

For the flooring, LHV values remain steady. 

Two trends can be observed on a thermal point of view: the 
higher the temperature is, the higher is the level of degradation 
of the sample but the more the residue is energetic. The quantity 
of energy contained in the residue is obtained by multiplying 
the LHV of the residue by its weight after the treatment. The 
results are reported in Fig. 9. We can see that the higher the 
temperature is, the lower is the quantity of energy contained in 
the residue. This decrease of the quantity of energy remains 
moderate in the range of temperatures studied. 

The energy recovery of the process is, thus, influenced by the 
type of treatment. However, considering that carbon monoxide 
and condensable gases, evolved from the low temperature 
pyrolysis, can be burnt (after gas cleaning) to supply energy for 
the process, the energy recovery of the different types of 
treatment can be improved and re-equilibrated. The aim of this 
process is to produce a “clean” combustible and not heat, 
indeed, the low temperature conditions have to be privileged. 
Nevertheless, since some energy has to be supplied to the 
process, the optimal treatment temperature can be set to 
produce enough combustible gases to supply energy for the 
process. This optimization of the conditions of the process 
could be determined by a study on an industrial reactor. 

4. Conclusion 

Experiments prove that UF and MF resin are responsible for 

isocyanic acid but that no cyanhydric acid is produced for 
temperatures from 523 to 573 K. 

In this range of temperatures, the optimum times of 

flooring treatment. 

We show that the efficiency of the process in terms of 
nitrogen elimination is not influenced by the type of treatment. 

Nevertheless, temperatures of the treatment influence: 


the level of degradation of waste, which increases with 















